Abstract-The opioid system is involved in infant-mother bonds and adult-adult bonds in many species. We have previously shown that l opioid receptors (MORs) and j opioid receptors (KORs) are involved in regulating the adult attachment of the monogamous titi monkey. The present study sought to determine the distribution of MOR and KOR in the titi monkey brain using receptor autoradiography. We used [ 3
INTRODUCTION
The opioid system is implicated in social behavior and social attachment. Most of the research on opioids and social behavior has focused on the l opioid receptor (MOR) and its role in offspring-mother relationships, as well as adult relationships in non-monogamous primates. MOR manipulation affects the separation distress response between infant and mothers (Herman and Panksepp, 1978; Panksepp et al., 1978a,b; Panksepp et al., 1980; Kalin et al., 1988) , as well as physical contact (Fabre-Nys et al., 1982; Keverne et al., 1989; Schino and Troisi, 1992; Kalin et al., 1995; Martel et al., 1995) . There is also evidence that the j opioid receptor (KOR) regulates separation-related ultrasonic vocalizations in rat pups, in that KOR activation results in an increase in ultrasonic vocalizations (Carden et al., 1991 (Carden et al., , 1994 .
There has been a recent surge in studies examining how the opioid system regulates adult attachment as well as social reward and social pain (Hsu et al., 2013) . Studies in the monogamous prairie vole have found that MOR aid in pair-bond formation, and the KOR regulates pair-bond maintenance . In the same species, systemic opioid blockade or MOR blockade in the dorsal striatum or dorso-medial nucleus accumbens (NAcc) shell prevents pair-bond formation, which is expressed as a failure to develop a partner preference (Burkett et al., 2011; . Even though MOR activation aids in pair-bond formation, overactivation by a preferential MOR agonist, morphine, in established pair-bonds can inhibit behaviors associated with its expression (i.e. side-by-side contact) (Shapiro et al., 1989) . ]-enkephalin; Ent, entorhinal cortex; HPA, hypothalamicpituitary-adrenal; IL-6, interleukin-6; KOR, j opioid receptors; LS, lateral septum; LTP, long-term potentiation; MD, mediodorsal thalamus; MeA, medial amygdala; MOR, l opioid receptors; MS, medial septum; NAcc core, nucleus accumbens core; NAcc shell, nucleus accumbens shell; NUDAP, neurochemically unique domains of the accumbens and putamen; OBD, optical binding density; OTR, Oxytocin receptors; PaL, paralaminar nucleus; PrS, presubiculum; Pu, putamen; PVN, paraventricular hypothalamic nucleus; ROI, regions of interest; SCh, suprachiasmatic nucleus; Shi, septohippocampal nucleus; SON, supraoptic hypothalamic nucleus; U69,593, N -methyl-2-phenyl-N-[(5R,7S,8S)-7-(pyrrolidin-1-yl)-1-oxaspiro[4.5]dec-8-yl]acetamide.
Neuroscience 290 (2015) [421] [422] [423] [424] [425] [426] [427] [428] [429] [430] [431] [432] [433] [434] maintenance, administration of the KOR antagonist, nor-BNI, peripherally or locally into the NAcc shell decreases attack frequency in prairie voles (Resendez et al., 2012) . This mate-guarding behavior is exhibited by selective aggression toward unknown conspecifics, a hallmark of an established prairie vole pair-bond (Aragona and Wang, 2004) .
In our previous research on the monogamous titi monkey (Callicebus cupreus), we found that the presence of a pair-mate modulates the results of pharmacological manipulation of the opioid system (Ragen et al., 2013) . When a male receives the opioid antagonist, naloxone, the presence of a female pair-mate results in a buffering of the drug's aversive effects; specifically the ability of naloxone to increase locomotion, cortisol, and vasopressin is attenuated in the female's presence. Interestingly, neither morphine nor naloxone affects overall physical contact between pair-mates (Ragen et al., 2013) . However, we have also shown that morphine administration prior to a reunion after a 30-min separation reduced the number of times the male approached and initiated contact with a female without an overall change in physical contact indicating that the female is compensating for the male's decrease in social motivation (Ragen et al., 2015) . This result is similar to the findings in prairie voles, in that over-activating MORs also appears to reduce social motivation expressed as a reduction of social contact; however, MOR blockade has no effect (Shapiro et al., 1989; Burkett et al., 2011; Resendez et al., 2012) . In contrast to titi monkeys, blocking opioid receptors with naloxone or naltrexone in other nonhuman primate species results in an increase in social contact (Fabre-Nys et al., 1982; Martel et al., 1995) . Similar to prairie voles, the KOR appears to regulate pair-bond maintenance in titi monkeys. Specifically, peripheral administration of the KOR antagonist, GNTI, buffers the behavioral component of the social separation distress response (Ragen et al., 2015) . It is possible that involuntary separation activates KOR, which induces a negative affective state. By remaining in proximity to an attachment figure, that dysphoric state can be averted. That same dysphoric state can be ameliorated with a KOR antagonist.
Pharmacological manipulations of behavior in prairie voles have been supplemented by analyses of the distribution of MOR mRNA, MOR binding and KOR binding (Resendez et al., 2012 Inoue et al., 2013) . In most brain areas, prairie voles have greater MOR receptor binding and MOR mRNA compared to non-monogamous male meadow voles (Inoue et al., 2013) . This difference in MOR binding includes the dorsal striatum and NAcc shell -brain regions involved in pairbond formation in prairie voles.
Compared to rodents, there has been limited examination of opioid receptor distribution in brain tissue from nonhuman primates. Daunais et al. (2001) (Sim-Selley et al., 1999) and squirrel monkeys (Chen et al., 2005) . At present, however, no studies have examined the distribution of either MOR or KOR in a monogamous primate.
Thus, the goal of the current study is to establish the neuroanatomical distribution of MOR and KOR binding in the monogamous, New World coppery titi monkey. We narrowed our study to MOR and KOR and did not include d opioid receptors (DOR) because the growing research on opioids and pair-bonding has focused on MOR and KOR. This would give us insight into the relationship between receptor binding and current knowledge on pairbonding and physiology. The results of this study will give insight into where both exogenous and endogenous opiates may be acting in the titi monkey brain to exert behavioral and physiological effects.
EXPERIMENTAL PROCEDURES Animals
Brains were collected from nine titi monkeys (mean age = 7.0 years; age range = 4.3-12.1 years). All subjects were sexually mature, had the ability to be sexually active, and were not considered geriatric. Three of the subjects were females that were living with their male pair-mate when euthanized. Three of the subjects were males that were living with their female pair-mate when euthanized. Three of the subjects were unpaired males. Two of these males had been living alone for 11-13 months. One male had been unpaired for one month but was living with two infants. These three lone males had all been previously paired. Brains were removed, cut into two hemispheres, blocked into four sections, flash frozen and stored at À80°C. Brain hemispheres were sliced into 20-lm sections on a cryostat at À20°C and mounted on Fisher Frost-plus slides. Slides were stored at -80°C in sealed slide boxes with desiccants.
All animals were euthanized due to an adenovirus associated with fulminant pneumonia (Chen et al., 2011) , which had no neurological symptoms. It is important to note that even though neurological symptoms were not present, there is some evidence that the cytokine, interleukin-6 (IL-6), can increase MOR expression in neural tissue (Bianchi et al., 1999; Borner et al., 2004) . IL-6 knock-out mice have decreased MOR expression in midbrain gray matter (Bianchi et al., 1999) . Additionally, in vitro research has shown that there is a temporary down-regulation of MOR in neuronal cell lines in response to the cytokine, interferon-c (Kraus et al., 2006) . Since these cytokines are released in response to illness it is possible that relative MOR binding density in the brains used may be different compared to healthy subjects. (Hiller and Fan, 1996; Daunais et al., 2001 3 H]U69,593 and competitors were based on previous studies that utilized autoradiography to map opioid receptor in humans (Hiller and Fan, 1996; deLanerolle et al., 1997) . Slides underwent two 60-s washes in 4°C Tris buffer. They underwent a 10-s wash in 4°C ddH 2 O and were then dried. Slides were placed on Amersham Hyperfilm MP for 21 weeks and then developed with Kodak Developer and Fixer.
Acetylcholinesterase
(AChE) staining. Following receptor autoradiography and film development, select slides were counterstained for AChE to delineate the brain regions for image analysis. AChE staining technique was based on Lim et al. (2004) . Slides were incubated for 6 h in Solution A (0.072 mg/mL ethopropazine hydrochloride, 0.5 mg/ mL copper(II) sulfate pentahydrate, 0.75 mg/mL glycine, 1.2 mg/mL acetylthiocholine iodide, 6.8 mg/mL sodium acetate trihydrate; pH 5.0). Slides were then rinsed three times in ddH 2 O and developed for 30 min in Solution B (7.7 mg/mL sodium sulfide nonahydrate; pH 7.8). Slides were rinsed again in ddH 2 O three times and were then exposed to Solution C (10 mg/ mL silver nitrate) for 10 min while slowly agitated and completely protected from light. Finally, slides were rinsed three times in ddH 2 O, air-dried overnight, and cover slipped. Images of the resulting counterstained sections were compared with images from a red-bellied titi monkey brain atlas (www.brainmuseum.org), a rhesus macaque brain atlas (Paxinos et al., 1999) , and a common marmoset brain atlas (Newman et al., 2009 ) to determine neuroanatomical landmarks and identify regions.
Quantification. Due to differences in the location of the midline between each brain as well as some tissue damage due to blocking the brains, we were not able to quantify all brain areas in all brains. Furthermore, due to assay size only brain areas from the prefrontal cortex (rostral) to the mediodorsal thalamus (MD) (caudal) were analyzed.
For quantification of optical binding density (OBD), developed film was scanned with an Epson Perfection V500 Photo scanner. Quantification was done with NIH ImageJ 64. Regions of interest (ROI) included brain areas involved in social behavior and endocrine functioning. These brain regions were chosen because the recent research on MOR and KOR manipulation in titi monkeys and prairie voles have focused on endocrine and social outcomes. OBD was calculated via background subtraction from a brain region where no binding was detected. Quantification was aided by obtaining the optical binding values from a set of tritium standards (American Radiolabeled Chemicals, Inc., St. Louis, MO. USA), to produce a standard curve that allowed for the extrapolation of OBD values of the ROIs. To obtain the OBD of an ROI, two to four values from each animal were averaged. Those values were then averaged to obtain a mean ± SEM, which are found in Table 2. Table 2 also includes the number of brains in which the OBD could be obtained.
RESULTS

Nonspecific binding
Slides adjacent to those used for receptor mapping were co-incubated with large concentrations of naloxone. 
MOR distribution
MOR binding was detected through the use of the tritiated labeled specific MOR agonist DAMGO and co-incubation of the slides with DPDPE and U69,593 to block DOR and KOR, respectively. The high selectivity of these opioid ligands has been demonstrated with rhesus monkey brain membranes (Emmerson et al., 1994) , indicating that the signal we detected in the titi monkey brain has specific binding to MOR. MOR ligand binding was found throughout various forebrain structures (Table 2 and Fig. 2 ). There was sparse binding in the cingulate gyrus (CG). MOR binding was found throughout the striatum with sparse binding in the caudate (Cd) and putamen (Pu) and moderate binding in the NAcc core and NAcc shell. The densest binding in the striatum was in the NAcc shell.
In the seven of the nine brains we found small patches of dense binding that were on the border of the NAcc and the Pu (Fig. 3) . Similar binding patterns have been discovered in macaques and humans and have been labeled ''neurochemically unique domains of the accumbens and putamen'' (NUDAPs) Daunais et al., 2001) (Fig. 3) . Because the pattern of binding in titi monkeys is similar to that of humans and macaques, we feel confident in categorizing these dense patches of MOR binding in the titi monkey as NUDAPs.
Other forebrain structures with MOR binding were located in the medial septum (MS), lateral septum (LS), diagonal band (DB), and the septohippocampal nucleus (Shi) ( Table 2 ). The densest binding was in the MS with more moderate binding in the LS and DB. Binding in the Shi was relatively dense.
MOR binding was also found in the amygdala and extended amygdala (Figs. 4 and 5 and Table 2 ). There was relatively heterogeneous binding in the amygdala. The densest binding was located in the medial amygdala (MeA) and the paralaminar nucleus (PaL). There was moderate to dense binding in rostral regions of the anterior amygdala (AAA). There was moderate binding in the basolateral amygdala (BLA), basomedial amygdala (BmA), and cortical amygdala (CoA), with sparse binding in the lateral amygdala (LA). MOR binding was completely absent in the central amygdala (CeA). There was also moderate to dense binding in the bed nucleus of the stria terminalis (BNST).
There was MOR binding in various hypothalamic nuclei ( Fig. 5 and Table 2 ). Binding in hypothalamic regions was relatively homogenous and included the anterior hypothalamus (AH), arcuate nucleus (Arc), dorsomedial hypothalamus (DMH), lateral hypothalamus (LH), medial preoptic area (MPOA), suprachiasmatic nucleus (SCh), supraoptic hypothalamic nucleus (SON), ventromedial hypothalamus (VMH), and septohypothalamic nucleus (Shy). The one brain region that had very dense MOR binding was the paraventricular hypothalamic nucleus (PVN).
There was sparse MOR binding in the hippocampus (Fig. 6 and Table 2 ) but primarily localized in nearby structures, specifically the presubiculum (Prs) and entorhinal cortex (Ent). Sparse to moderate binding was also found in the mammillary body (MM) and substantia nigra (SNR). The interpeduncular nucleus (IP) was present in one subject, and the binding in this brain area was extremely dense.
Finally, there was MOR binding in thalamic nuclei (Fig. 6 and Table 2 ). Moderate to sparse binding was found in the anteroventral thalamic nucleus (AV), ventrolateral thalamic nucleus (VL), and the ventral anterior thalamic nucleus (VA). There was very dense binding in the MD. One subject had binding in the pulvinar (Pul).
There were no evident sex differences in MOR binding. However, we did not perform additional statistical comparisons due to the small sample size and large number of brain areas that were analyzed.
KOR distribution
KOR ligand binding was observed through the use of [ 3 H]U69,593 and the blockade of DORs and MORs with DPDPE and DAMGO, respectively. As with MOR binding, we feel confident that due to the specificity of these ligands, we are only measuring KOR binding. In general, KOR binding was very sparse throughout the titi monkey brain. The one exception was the dense binding in the claustrum (Cl), which was an area that lacked MOR binding (Fig. 2 and Table 2 ). There was KOR binding in the Cd, Pu, NAcc core, and NAcc shell, but binding in the striatum was homogenous and very sparse (Fig. 2 and Table 2 ). We also found very sparse, BNST, bed nucleus of the stria terminalis; Cd, caudate; CeA, central amygdala; CG, cingulate gyrus; Cl, claustrum; CoA, cortical amygdala; DMN, dorsomedial nucleus; Ent, entorhinal cortex; Hypoth, hypothalamus; IP, interpeduncular nucleus; LA, lateral amygdala; MD, mediodorsal thalamus; MeA, medial amygdala; MPOA, medial preoptic area; NAcc core, nucleus accumbens core; NAcc shell, nucleus accumbens shell; PaL, paralaminar amygdala; Prs, presubiculum; Pu, putamen; PVN, paraventricular hypothalamic nucleus; SCh, suprachiasmatic nucleus; Shi, septohippocampal nucleus; SON, supraoptic hypothalamic nucleus; VMN, ventromedial nucleus.
homogenous binding in the amygdala. In contrast to MOR binding there was sparse KOR binding in the CeA and no binding in the PaL (Fig. 4 and Table 2 ). There was also no binding in the BNST.
KOR binding in the hypothalamus was very sparse and only above background in four of the nine brains. Since KOR binding in the hypothalamus was uniform, specific hypothalamic nuclei were not quantified ( Fig. 5 and Table 2 ). KOR binding in the thalamus was at background levels, which is in contrast to MOR binding.
In one subject we found sparse binding in the MS, in three subjects we observed sparse binding in the LS, and in two subjects we observed sparse binding in the DB. We did observe some clear, but sparse KOR binding in hippocampal regions (Fig. 6 and Table 2 ). Like MORs there was binding in the Prs and Ent, however in contrast to MOR binding, there was KOR binding in the CA1 field of the hippocampus (CA1) and CA3 field of the hippocampus (CA3).
There were no evident sex differences in KOR binding. As with MOR, we did not perform statistical comparisons due to the small sample size and large number of brain areas that were analyzed.
DISCUSSION
This study is the first to map MOR and KOR binding in a monogamous primate. We observed MOR and KOR binding throughout the brain with the locations of binding similar to those of other species. Importantly, both MOR and KOR were observed in the CG, striatum, hypothalamus, and amygdala, which are brain regions involved in social behavior, affect, and hormone functioning.
The distribution of MOR binding in the titi monkey brain is similar to that of macaques (Daunais et al., 2001) , squirrel monkeys (Chen et al., 2005) , and humans . Despite these similarities some slight differences in distribution and relative density are present and could differ due to species or methodological differences. For example, some of these studies have used less specific radioligands (i.e. [ 3 H]naloxone). Additionally, the autoradiography study in squirrel monkeys only looked at MOR-stimulated [
35 S]GTPcS (Chen et al., 2005) . Studies which used the specific radiolabeled MOR agonist, [ monkeys and rodents (Table 3) . MOR binding in the titi monkey striatum is relatively much sparser compared to rats (Mansour et al., 1987; Sharif and Hughes, 1989) , voles (Resendez et al., 2012; Inoue et al., 2013) , and guinea pigs (Sharif and Hughes, 1989) . In contrast, MOR binding using [ 3 H]DAMGO in the rodent hypothalamus is extremely low and sometimes undetectable (Mansour et al., 1987; Sharif and Hughes, 1989; Inoue et al., 2013) . This is different in the titi monkey hypothalamus, where relative MOR binding was moderate or dense. It is unknown how relative MOR binding in the titi monkey hypothalamus compares to humans and macaques because studies have only examined mRNA (Peckys and Landwehrmeyer, 1999) or utilized the less specific [ 3 H]naloxone (Lewis et al., 1984) .
The distribution of KOR in the titi monkey is also similar to that of macaques (Sim-Selley et al., 1999; Schoultz et al., 2010) , humans Vonkeman et al., 1996 (Jordan and Devi, 1999) . Table 4 binding in titi monkeys compared to the dense KOR binding in guinea pigs and prairie voles.
Conserved brain regions
We found binding in brain regions that are found in other species, indicating evolutionary conservation of opioid receptor binding. An example was the strong KOR binding in the Cl. Strong KOR binding in the Cl has been found in humans, macaques, rats, prairie voles, and guinea pigs Unterwald et al., 1991; Sim-Selley et al., 1999; Chen et al., 2005; Resendez et al., 2012) . Since strong KOR binding in the Cl is found in a wide range of species, it provides external validity for our binding results in the titi monkey. We also found moderate MOR binding in the MD. MOR binding in the MD has been observed in humans (Berthele et al., 2005) , macaques (Sim-Selley et al., 1999) , rats (Mansour et al., 1987) , and mice (Diaz et al., 2006) . Again, this similarity of binding pattern provides evidence for the validity of our MOR assay.
A very interesting finding was the presence of ''NUDAPs'', which are dense patchy areas of MOR binding on the border area of the NAcc shell and the Pu. This MOR binding pattern has only been observed in humans and macaques (Daunais et al., 2001) (Fig. 3) , and not in rodents. It has been suggested that these patches are only found in primates. It is currently unknown whether these unique neuroanatomical binding patterns serve a function. The fact that this binding pattern is also found in titi monkeys suggests that this binding pattern is conserved in New World primates, Old World primates, and apes.
Social affect and pair-bonding
The opioid system plays a crucial role in social reward and social pain. MOR binding in titi monkeys is present in the amygdala, MD, NAcc and CG. Humans who were exposed to social rejection experience an increase in MOR activation in amygdalar nuclei, NAcc, and the midline thalamus, as measured by PET. In addition, exposure to social acceptance results in an increase in MOR activation in the amygdala and deactivation in the midline thalamus and anterior CG (Hsu et al., 2013) . Social rejection in humans also has been associated with increases in functional magnetic resonance imaging (fMRI) blood oxygenation level dependent (BOLD) signal in the dorsal CG (Way et al., 2009) . It is possible that MORs in these brain regions in titi monkeys may also process social pleasure and social pain. Another brain area that has been implicated in the processing of social reward is the striatum. In the current study we found moderate levels of MOR and sparse levels of KOR expression in this brain region in titi monkeys. It is possible that MORs in the striatum may also be crucial for pair-bond formation in titi monkeys. Research analyzing glucose uptake in titi monkeys has found that compared to males living alone there are differences in glucose uptake in the NAcc in males who are recently paired and males in long-term pair-bonds (Bales et al., 2007) . Comparative evidence comes from studies in prairie voles, where blockade of MORs in either the dorsal striatum or dorso-medial shell of the NAcc prevents pair-bond formation (Burkett et al., 2011; . Oxytocin receptors (OTR) in the prairie vole striatum are important for pair-bond formation in prairie voles (Liu and Wang, 2003) ; however it has recently been discovered that titi monkeys do not express OTR in the striatum (Freeman et al., 2014) . MOR activation in the striatum may be an alternate system that promotes pair-bond formation in titi monkeys.
In contrast to MOR and OTR involvement in pair-bond formation, there is evidence that striatal KORs are important for pair-bond maintenance. In titi monkeys, individuals may be motivated to maintain proximity with Voorn et al. (1996) . 2 Pilapil et al. (1987) . 3 Berthele et al. (2005) . 4 Daunais et al. (2001) . 5 Mansour et al. (1987) . 6 Sharif and Hughes (1989) . 7 Inoue et al. (2013) . 8 Resendez et al. (2012) .
their pair-mate to prevent KOR activation upon separation and a subsequent dysphoric state. This hypothesis is demonstrated by an attenuation of their separation distress response after administration of the KOR antagonist, GNTI (Ragen et al., 2015) . Furthermore, KORs in the BLA have been shown to mediate anxiety Quirion et al. (1987) . 11 Unterwald et al. (1991) . 12 Zukin et al. (1988). in rats (Bruchas et al., 2009; Knoll et al., 2011) and the titi monkey BLA expresses KORs. Thus, KORs in the titi monkey BLA may be activated when titi monkeys are anxious as a result of separation from their pair-mate. Blockade of these receptors could attenuate the negative affective experience of being separated from their pairmate. KORs in NAcc shell may also be involved in titi monkey pair-bond maintenance since comparative work with prairie voles has found that KOR antagonist administration in the NAcc shell to a paired male attenuates aggression toward a stranger conspecific (Resendez et al., 2012) .
Endocrine functioning
In the present study we found that MOR and KOR were found throughout the entire hypothalamus. The hypothalamus integrates signals from diverse brain areas to regulate many endocrine systems. In general, hypothalamic MOR binding was relatively homogenous, except for the PVN where there was very dense binding. Strong binding of MORs in the PVN is of significance due to its role in the regulation of the hypothalamic-pituitary-adrenal (HPA) axis. It has been proposed that MORs inhibit corticotropin-releasing hormone (CRH) neurons in the PVN which would likely affect the subsequent release of cortisol (Wand et al., 1998) . The presence of MORs in the PVN in the titi monkey brain lends support to the argument that MORs are present on CRH neurons, although future studies are needed to confirm this hypothesis. This would then have functional significance on HPA activity. For example, it is known that systemic administration of naloxone or naltrexone to block MORs results in increases in cortisol in humans (Wand et al., 1998) , sheep (Parrott and Thornton, 1989) , talapoin monkeys (Fabre-Nys et al., 1982) , and titi monkeys (Ragen et al., 2013) . It is possible that naloxone may be blocking MORs in the PVN to release any inhibitory tone thereby allowing activational components of the HPA axis to be expressed. Furthermore, MOR agonists such as morphine or fentanyl inhibit or decrease cortisol release (Zis et al., 1984; Parrott and Thornton, 1989; Broadbear et al., 2004; Ragen et al., 2013) . This may be a result of MOR activation causing a further inhibition of CRH neurons and preventing any excitatory mechanisms that could be acting upon the PVN.
The MOR also impacts neuropeptides such as vasopressin (AVP) and oxytocin (OT) and the presence of MORs in the PVN and SON, regions that produce OT and AVP (Buijs et al., 1978) , could explain these effects. In titi monkeys, naloxone administration results in an increase in AVP, specifically when a male is separated from his pair-mate although MOR manipulation does not affect baseline OT in male titi monkeys (Ragen et al., 2013) . Naloxone also has no effect on baseline OT in men (Honer et al., 1986) , but does attenuate the increase in OT when men orgasm (Murphy et al., 1990) . It is possible that MOR manipulation could affect OT release in female titi monkeys. There is evidence in baboons and humans that MOR activation via morphine decreases plasma OT during parturition and lactation (Lindow et al., 1992 (Lindow et al., , 1999 Kowalski et al., 1998) .
KOR agonists have been observed to increase plasma adrenocorticotropin hormone (ACTH) and cortisol (Calogero et al., 1996; Ranganathan et al., 2012) . The KOR agonist U50,488 increases ACTH and cortisol in rhesus macaques (Pascoe et al., 2008) . A KOR agonist could be working at one or multiple places to produce the increase in cortisol in titi monkeys. A possible candidate would be the hypothalamus. Although U50,488 increases cortisol in titi monkeys, the effects are weak (Ragen et al., 2015) , and could be explained by the very sparse KOR binding in the titi monkey hypothalamus. Buckingham and Cooper (1986) exposed rat hypothalami in vitro to U50,488 to measure CRH release. There was an increase in CRH but the effect was weak, which could possibly reflect the low levels of KOR binding in the rat hypothalamus (Unterwald et al., 1991) . It is possible that very large doses are needed to produce a pronounced increase in cortisol. Both MOR and KOR binding were found in the amygdala, and the HPA activating effects of U50,488 could also be working on the titi monkey amygdala where KORs were found sparsely distributed. Activation of certain amygdalar nuclei has been found to activate the HPA axis. The CeA, MeA, and BLA have all been found to regulate HPA activity (Herman et al., 2003) . In particular CeA activation results in increases in CRH production and the resulting release of ACTH and glucocorticoids. Finally, U50,488 could also be acting directly on the adrenal cortex to release cortisol. KOR binding has been detected in the rat adrenal cortex using [
3 H]EKC (Quirion et al., 1983) .
Hippocampus
The present study found that there was MOR and KOR binding in the titi monkey hippocampal formation and related structures. Of potential importance, KOR binding was found specifically in the Ent, Pr, CA1, and CA3. No KOR binding was found in the DG, which differs from humans where there is both KOR mRNA and KOR binding (deLanerolle et al., 1997; Peckys and Landwehrmeyer, 1999) . There was also MOR binding in the titi monkey hippocampal formation. Like KORs, there was binding found in the Ent and Prs, however unlike KORs there was binding in the Shi and there was no binding in CA1 or CA3. There was no binding in the DG, where MOR mRNA is present in humans (Peckys and Landwehrmeyer, 1999) . KOR binding in CA1 in titi monkeys could be related to social stress. Rats raised under social isolation experience an attenuation of induced long-term potentiation (LTP) in CA1 as well as impairment in learning of spatial memory tasks (Lu et al., 2003) . KOR in the hippocampus regulates LTP when animals experience stress (Keralapurath et al., 2014) . Titi monkey males engage in significantly more arousal behaviors and locomotion when housed in isolation compared to when housed with a pair-mate suggesting a possible state of chronic stress (Ragen et al., 2012) . The behavioral results of isolated housing may reflect the natural titi monkey bachelor phase when they range the forest alone looking for a pair-mate (Bossuyt, 2002) . It is possible that KOR in the hippocampus may regulate LTP and spatial memory when titi monkeys are living in different social situations.
CONCLUSION
The present study is one of the first to map radioligand binding for the MOR and KOR in a New World monkey as well as a monogamous primate. We found that distribution and binding densities of these receptors are similar to those of other primate species but differ in certain regions compared to rodents. MOR and KOR binding in the striatum and CG gives insight into possible neuroanatomical locations where these opioid receptors may be functioning to aid in pair-bond formation and maintenance in the titi monkey. The presence of MOR and KOR binding in amygdalar nuclei and the hypothalamus could be where opioid ligands are acting to regulate endocrine functioning. Previous studies have administered exogenous opiates to manipulate endocrine functioning and social behavior and this study provides possible explanations for where in the brain these drugs may be working to have their effects.
